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Here we ask if it is possible to have string unification in SU(5)× SU(5) gauge group. We specifically
investigate the weakly coupled heterotic string unification for the four couplings in this framework.
We show that only a limited versions of SU(5)× SU(5) with adjoint representation components at
intermediated scales, between MZ and Λ (unification), are allowed. This is essentially due to the
limitation in the parameter space to the gauge coupling constant α−1
1
related to hypercharge. Indeed,
only the vanishing hypercharge decompositions of SU(5)L subgroup can help to this unification,
namely, the fermion and boson triplets, Σ3 ∼ (1, 3)0, and the fermion and boson octets, Σ8 ∼ (8, 1)0.
Thus, these intermediate particles are compatible with the so-called Adjoint SU(5). The triplets
must live in TeV region and could be accessible at colliders while the octets must alive in very high
energy scales. We also show that the non-SUSY unification scenario requires the introduction of an
additional SU(2)L scalar color triplet, η ∼ (3, 3)−1/3, at relatively low energies (∼ 10
5−11GeV), and
it may induce the proton decay.
PACS numbers: 11.25Mj; 12.10.Dm; 12.10.Kt; 12.60.Jv
I. INTRODUCTION
The unification idea, mainly in context of SU(5) gauge
group [1], is still as an interesting alternative for the
physics beyond the standard model (SM) [2]. Many unifi-
able models have been proposed in this framework in
recent decades in the attempt to explain the incorpora-
tion of SM and the phenomenology that have been dis-
covered beyond that. Unfortunately, the Minimal Su-
persymmetric Standard Model (MSSM) [3, 4], where the
best fit for the running of gauge couplings was obtained,
predicts an unstable proton, which was not observed
by SuperKamiokande bound [5–7]. On the other hand,
a few works have shown that the appropriate Yukawa
choices can induces a proton consistent with this stabil-
ity bound [8–10].
While electroweak and strong interactions have their
couplings easily unified around 1016GeV [11, 12], the
quest on the unification theory of four fundamental cou-
plings is still alive. The problem of how the quantum
theory of all known interactions are accommodated into
a general theory should be a task of the superstring mod-
els [13].
As the first requisite for any Grand Unified Theory
(GUT) or Supersymmetric GUT (SUSY GUT), super-
string theory must restore the SM in its low-energy ef-
fective theory [14]. GUTs and SUSY GUTs are partic-
ularly favored in the wide range of theories since they
are truly unified theories with one effective gauge cou-
pling at low-energy scale [15–21]. Indeed, it has been
shown that low-energy physics can be embedded in the
heterotic string scheme [22] and it exhibits many prop-
erties present in our range of energies [23, 24]. This can
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help to solve the strong CP problem by a natural intro-
duction of axions [25], as well as it gives a solution to the
doublet-triplet-splitting problem [26].
Some specific group choices are very attractive to in-
corporate strings [27]. In this sense, the question of
what is the simplest GUT model changes to what is the
most natural pattern to electroweak scale with weakly
heterotic string unifications based on E8 × E8 gauge
group [28]. One possibility is the SU(5)× SU(5) gauge
group [29]. This symmetric theory has many attrac-
tive features, e.g., the generalized seesaw for all fermions
without the need of singlets [30–32]. This group allows
a solution to doublet-triplet-splitting problem if one con-
siders an appropriated discrete symmetry in a GUT [33]
or in the string scenarios [34]. Generical implications of
SU(5)-based gauge group in the LHC analysis have been
studied by many works [35–39] and can be extended to
the SU(5)× SU(5) theory in a natural way.
The string unification at tree level of the three gauge
couplings and the gravitational coupling is given by the
following relation [40]
αst =
2GN
α′
= kiαi, (1)
where αst = g
2
st/4π is the string-scale unification cou-
pling constant, GN is the Newton constant, α
′ is the
Regge slope, αi = g
2
i /4π are the gauge coupling con-
stants, with i running over the gauge groups, U(1)Y,
SU(2)L, SU(3)C (i = y, w, s
1), respectively. The Kacˇ-
Moody levels in four-dimensional string depends on the
unification group and make the correct adjustment to the
unification. Each term in Eq.(1) should be renamed as
1 In this notation y stands for hypercharge, while w stands for
weak and s stands for strong
2a new coupling, kyαy = α1, kwαw = α2, ksαs = α3,
which are indeed unifiable at Λ scale. For the canonical
groups, e.g., SU(5), SO(10), E6, [SU(3)]
3 × Z3, SO(18),
E8, SU(15), SU(16) and SU(8)× SU(8) [41–43], these lev-
els are given by ky = 5/3, kw = 1 and ks = 1. They are
different for other group choices, such as SU(5)× SU(5),
[SU(6)]3 × Z3, Pati-Salam models, etc. Indeed, these
levels have the power to constrain the Renormalization
Group Equations (RGEs) for a new class of allowed parti-
cles [13]. In this sense, the string nature of the unification
in each theory is due to the new equation that relates the
gauge coupling constants with string scale, Λ,
αst =
1
4π
(
Λ
Λs
)2
, (2)
and gives an additional constraint on the RGEs, where
the scale Λs is given by
Λs =
e(1−γ)/23−3/4
4π
MP ≈ 5.27× 1017GeV, (3)
with γ ≈ 0.577 being the Euler constant. Notice that the
Eq. (2) only makes sense at the unification scale for the
usual gauge couplings. Thus, instead of two independent
parameters in GUT, Λ and αU , in string theory there is
only one parameter which relates Λ and αst.
In this paper we study this parametrization despite of
the introduction of complete scalar sector. The param-
eter space is set univocally by low-energy multiplets in
the non-SUSY and in the SUSY schemes, by the unifica-
tion of SM and MSSM, respectively. This paper has been
organized as follows: in Sec. II we introduce the canon-
ical unification and the new analysis that is suitable for
the string unification; in Sec. III the general aspects of
the SU(5)L × SU(5)R theory are introduced; in Sec. IV we
address the problems that concerns to the coupling con-
stants at one-loop and two-loop levels; in Sec. V we dis-
cuss the inclusion of the adjoint SU(5)L subgroup in non-
SUSY and in SUSY theories and show some examples;
in Sec. VI phenomenological implications are discussed;
finally the summary and conclusions are the subjects of
Sec. VII.
II. CANONICAL UNIFICATION
A. Standard Model
The renormalizability of the theory is guaranteed by a
mass-dimensional scale parameter, µ, which is a response
of the Green functions of the theory in each energy scale.
When we perform a change in µ we induces a new adjust-
ment in the coupling constants, mass and vertex renor-
malization of the theory. These quantities are governed
by the RGEs. The coefficients in these equations are as-
sociated with the finite shift generated by a increase in
this scale parameter for each of this three constants [44–
46]. The evolution of the gauge couplings constants at
one-loop level are governed by the following RGEs:
α−1i (µ) = α
−1
iZ −
bzi
2π
log
µ
MZ
, (4)
where α−1iZ = α
−1
i (MZ), and we are considering the cen-
tral values of electroweak constants [47],
α−1 = 127.916± 0.015, (5)
sin2 θW = 0.23129± 0.00005, (6)
αs = 0.1181± 0.0011. (7)
If we let the Eq.(4) runs free to some high scale Λ, we
do not reach unification in general (that means by Eq.
(1))
(αyky)
−1 6= (αwkw)−1 6= (αsks)−1 (8)
On the other hand, if we consider N new thresholds,
e.g., with fermions, scalars, exotic fermions, included at
intermediate scales and leading to unification at Λ, Eq.(4)
gives
α−1i−new(Λ) = α
−1
i (Λ)−
∆b1i
2π
log
Λ
M1
− ∆b
2
i
2π
log
Λ
M2
· · ·
− ∆b
N
i
2π
log
Λ
MN
= α−1iZ −
bzi
2π
log
Λ
MZ
− ∆b
1
i
2π
log
Λ
M1
− ∆b
2
i
2π
log
Λ
M2
· · · − ∆b
N
i
2π
log
Λ
MN
, (9)
and, at one-loop level, the string unification of gauge cou-
plings read as
(αy−newky)
−1
= (αw−newkw)
−1
= (αs−newks)
−1
= α−1st .
(10)
Furthermore, at one-loop level all ∆bi’s are positive
unless we couple new extra gauge bosons [48]. To avoid
the fast proton decay, we will not consider gauge bosons
at intermediate scales. If we consider the contribution
of the second and subsequent terms at left-side of Eq.(9)
into an unique positive contribution, which we will de-
note by fi for each coupling, the number found is the
necessary quantity to reach unification as follows from
Eq.(9). This procedure allows to choose which particle
we need to include for a determined unification scale. Us-
ing this idea with Eqs. (4) and (10) we rewrite Eq.(9)
as
kiα
−1
st = α
−1
i (Λ)− fi(Λ)
= α−1iZ −
bz1i
2π
log
Λ
MZ
− fi(Λ). (11)
In the above equations (there are three) we have free-
dom only to determine the unification scale, Λ, and the
three fi functions. Notice that since we are not speci-
fying the particles between MZ and Λ, the freedom of
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FIG. 1. Running of fi functions in terms of z at one-loop
level from SM at MZ toSU(5) string unification.
new particles at intermediate scales are inside fi, and we
have the freedom in the latter, and not only in Λ, as one
would think. The string scale is constrained by αst given
by Eq. (2) which is transferred to fi functions. Then,
a simplification could be obtained choosing the following
parametrization
Λ = zΛs, (12)
where the parameter z is contained into the interval 1 ≥
z > 0 for perturbative string theory. The parameter z
gives the measurement of string unification and it is only
identified as the coupling gst when all the three coupling
constants meet together at the unification scale, Λ =
gstΛs [49]. This constraint into Eq.(2) leads αst = z
2/4π.
Now the Eq.(11) read as
4πki
z2
= α−1i (z)− fi(z), (13)
In order to unify at the perfect string unification it is
necessary z = 1 and, therefore, it occurs when Λ = Λs
and with α−1st = 4π. As z decreases, the string scale also
decreases while α−1st increases very fast from the lower
bound at 4π. Using the canonical levels and the RGE
coefficients in the Appendix A, the functions fi needed
are showed in Fig. 1. Below of z ∼ 0.6 there is no particle
content which satisfies the negative values of fy, thus only
above zero we can specify particle content to reach string
unification at zΛs. As near as we are of Λs greater are
the contribution to each coupling constant, that is, more
contributions from beta coefficients are necessary. Thus,
we always can look to the needed of fi given by Eqs.
(13) to determine appropriately the particle content at
intermediate scales.
Notice that, in Fig. 1 the necessary fy, fw and fs have
the same order for z & 0.6 although their very different
symmetry origin. For a zoom in the values of z & 0.9
these functions shows that all of them are in the range
32 . fi . 38 at one loop level.
The two-loop level analysis should provide a more pre-
cise values of fi functions [44–46, 50]. At this level, al-
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FIG. 2. Running of fi functions in terms of z at one-loop
level (thick lines) and two-loop level (thin lines) from SM at
MZ to SU(5) string unification.
though we cannot find analytical solutions to the func-
tions fi, we can solve numerically the RGEs for couplings
(without inclusion of intermediate scales) and then evalu-
ate the values of that functions just by a imposed unifying
string point. Solving these equations at electroweak scale
and running it to unification scale, Λ, we must solve the
following set of differential equations for the gauge cou-
plings
∂α−1i (t)
∂t
+
1
2π
(
bzi +
1
4π
bzijαj(t)
)
= 0, (14)
where bzij are the β-function coefficients of RGE in the
Appendix A. After solving that we use Eqs.(13). Fig. 2
shows fi for z & 0.9 and shows that the string unification
is naturally reached in this context since there is no pref-
erential particle content, at least in this restricted range
in the canonical unification.
Besides the string theory could be implemented in
such non-SUSY scheme [51] this is rather unnatural since
superstring theory includes natively the supersymme-
try [52, 53]. In this sense, let us introduce the SUSY
scenario.
B. Minimal Supersymmetric Standard Model
The supersymmetrization of SM is a well-motivated
model extension and it could be tested in the collision
experiments, for example, at LHC [54, 55]. The mini-
mal version, the MSSM, changes SM RGE coefficients at
the SUSY scale MS. Using the beta coefficients at Ap-
pendix A, with MS = 1 TeV, the SUSY (in DR-scheme)
fi functions at one- and two-loop order are showed in
Fig. 3 for z & 0.75. Here we can see that the fy is
the most restrictive function since it is only positive in a
very small range of z. In this sense, this result shows why
SUSY string unification is easier to reach than non-SUSY
case for canonical groups (compare with Fig. 2). The
introduction of only few particles can reach the string
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FIG. 3. Running of fi functions in terms of z at one-loop
level (thick lines) and two-loop level (thin lines) from SM at
MZ to MSSM at 1TeV and then toSU(5) string unification.
unification. We have tested and there is no considerable
variation even if SUSY scale is shifted from 1 TeV toMZ .
We will see in the next section that it is not too easy to
unify into a group with non-canonical Kacˇ-Moody levels,
as is the case of the SU(5)L × SU(5)R gauge group.
III. SU(5)L × SU(5)R MODEL
Let us extend the analysis of previous section to a
non-canonical SU(5)× SU(5) gauge theory changing the
Kacˇ-Moody levels [56–59]. The study of weakly inter-
acting heterotic string is also a motivation for the use of
crossed gauge group since it is possible to have a path
to unification into the string gauge group E8 × E8. On
the other hand, this changes dramatically the number
of particles which must be accommodate at intermediate
scales. The gauge group SU(5)L × SU(5)R, specifically
with the left-handed and right-handed sectors separated
in each SU(5) subgroup, maintain Georgi-Glashow left-
handed feature with a non-minimal modification. The
non-SUSY SU(5)L × SU(5)R has the following fermionic
representations2
ψL ∼ (5, 1) =


Dc1
Dc2
Dc3
e
−ν


L
, ψR ∼ (1, 5) =


Dc1
Dc2
Dc3
e
−ν


R
,(15)
χL ∼ (10, 1) = 1√
2


0 U c3 −U c2 −u1 −d1
−U c3 0 U c1 −u2 −d2
U c2 −U c1 0 −u3 −d3
u1 u2 u3 0 −Ec
d1 d2 d3 E
c 0


L
(16)
2 The notation stands for ∼ (rep. of SU(5)L, rep. of SU(5)R).
χR ∼ (1, 10) = 1√
2


0 U c3 −U c2 −u1 −d1
−U c3 0 U c1 −u2 −d2
U c2 −U c1 0 −u3 −d3
u1 u2 u3 0 −Ec
d1 d2 d3 E
c 0


R
.(17)
Notice that the introduction of SUSY does not intro-
duce more fermion representations, but all the superfields
should be written in the left-handed fashion, which could
be made straight [60]. The conventional fermions’ colors,
flavors and electric charges are naturally indicated by the
notation. Here we are denoting the SM particles, and the
SM neutrino counterpart, νR, by lowercase letters, while
the capital letters indicates the three vector-like fermions,
U , D and E, that are naturally introduced in a left-right
theory to fulfill the multiplets.
In this GUT we have the freedom to choose some paths
to the symmetry-breaking to electromagnetic theory due
to a nontrivial potential that could be introduced. We
show bellow explicitly two suitable symmetry-breaking
patterns which accommodates our proposal [61]
SU(5)L × SU(5)R
↓ Λ
SU(3)L × SU(2)L × U(1)L × SU(3)R × SU(2)R × U(1)R
↓MLR
SU(3)L+R × SU(2)L × SU(2)R × U(1)L+R
↓MR
SU(3)L+R × SU(2)L × U(1)Y
↓MW
SU(3)L+R × U(1)EM ,
where we identify SU(3)L+R = SU(3)C, and both SU(5)
groups are being broken simultaneously at Λ, and
SU(5)L × SU(5)R
↓ ΛL
SU(3)L × SU(2)L × U(1)L × SU(5)R
↓ ΛR
SU(3)L+R × SU(2)L × U(1)Y
↓MW
SU(3)C × U(1)EM ,
with the SU(5)L being broken at ΛL, higher than the
breaking of SU(5)R at ΛR. Neither of the patters must
be imposed in our analysis since, in approximation, we
can choose the simultaneous breaking of all intermediate
symmetries at Λ(all) as
SU(5)L × SU(5)R
↓ Λ(all)
SU(3)L+R × SU(2)L × U(1)Y
↓MW
SU(3)C × U(1)EM .
If we use fi functions no symmetry breaking analy-
sis are necessary at the present discussion, but a further
analysis would be required to determine the full setup,
which is beyond the scope of this paper. Let us run the
RGEs starting only with one Higgs scalar at low energies
5in the non-SUSY unification. In the SUSY unification we
will consider the two MSSM scalars at scale MS scale as
well as all their superpartners.
Mathematically, if αi is the coupling constant of in-
variant subgroup Gi, the numerical factors read as [42]
1
ki
≡ αi
α
=
TrT 2
TrT 2i
, (18)
where T is a generator of the SM subgroup Gi, prop-
erly normalized over a representation R of G, and Ti is
the same generator but normalized over the representa-
tion of Gi embedded in R, with the traces running over
complete representations. Thus, the only possible values
for ki (i = w, s) are integer numbers [41–43]. There are
two SU(3) from each SU(5) while the SU(2)L comes from
SU(5)L, thus ks = 2 and kw = 1. The hypercharge factor
cannot be immediately inferred since it depends on the
combinations inducing to the U(1)Y in the branch. This
is ky = 13/3 in the present group.
The sin2 θW depends on the type of unification of dif-
ferent gauge couplings for each of SU(5) invariant sub-
group. For a perfect left-right symmetry one can show
that at unification scale
sin2 θW (Λ) =
1
1 + ky/kw
=
3
16
. (19)
For canonical groups sin2 θW increases with scale and,
at unification scale, it is always bigger than the value
at electroweak scale. Indeed it were believed that sin2 θ
should increase as the energy increases regardless of what
would be introduced at intermediate scale [62, 63]. How-
ever, we have shown that this is not always true since the
introduction of (15+15, 1)+(1, 15+15) play the main role
to reconcile the values at Λ and at electroweak scale [64].
It opens the range of possibilities to unification and al-
lows to reached sin2 θW (Λ) = 3/16 consistently once the
content at intermediate scale is properly selected.
The right-handed neutrino is natural and there is no
singlets in this theory. Once the suitable scalar represen-
tation is chosen, the neutrino can have their mass natu-
rally generated. For instance, it is distinguishable from
mirror symmetry [65], since the introduction of (5, 5)
scalar representation allows a natural Dirac mass term to
neutrino. The introduction of (1, 15) scalar representa-
tion does not mix the right-handed with left-handed sec-
tor, thus the neutrinos get only a Majorana mass term.
The difference between the above theory to the usual
Georgi-Glashow theory is that we need an crossing scalar
to generate the most simple Dirac mass term for any
fermion once gauge singlets are not included. The uni-
versal seesaw mechanism, which naturally works for all
charged leptons and vector-like fermions [31, 61], can also
works for neutrino sector [30]. Once for neutrinos there is
no vector-like fermion associated, the seesaw mechanism
works like a generalized type II seesaw mechanism [66–
68]. The study of seesaw mechanism for SU(5)× SU(5)
deserves a further analysis and will be considered else-
where.
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FIG. 4. Running of fi functions in terms of z at two-loop
level from SM at MZ to SU(5)× SU(5) string unification.
IV. SU(5)× SU(5) STRING UNIFICATION
A. non-SUSY SU(5)× SU(5)
Let us consider the Eqs.(1) and (14) at two-loop level
with SM content at MZ scale. The difference from the
canonical analysis in Sec. II is the introduction of the new
non-canonical levels. We show the fi functions needed
to string unification in Fig.4. There we can notice that
the theory only reaches unification with the parameter
of the order of z & 0.96. Thus, this scenario is unfavor-
able since that are needed a very large contribution to
fw ≃ 33 and to fs ≃ 22, while a very small contribution
to fy must be introduced. From this view, the function
fy is strongly constrained in the range 0.96 & z & 1.00.
This is a consequence of U(1) decomposition inside the
group structure, and its abundant contribution leads to
the level ky = 13/3, greater than the canonical value,
5/3. All particles induces contributions which are ab-
sorbed into fi functions as a parameter redefinition. It
means that new particle content needs to be introduced
but with only contributions with small hypercharge or
indeed with vanishing hypercharge. On the other hand,
almost all particles have non-vanishing hypercharge (this
is the most abundant quantum number in the theory).
Consequently it is very difficult to reach the string uni-
fication in this case. In Sec.V we show a solution in the
context of Adjoint SU(5) with a three fermion in the ad-
joint representation at some specific intermediate scale.
B. SUSY SU(5)× SU(5)
Let us considere the SUSY case, with MS at 1TeV.
In this case we also have the non-canonical Kacˇ-Moody
levels. The Fig. 5 shows that we cannot obtain string
unification since the function fy is always negative at
two-loop level. Furthermore, the function fs is only pos-
itive for z & 0.97. Notice that even with introduction of
some gauge bosons at intermediate scales the function fy
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FIG. 5. Running of fi functions in terms of z at two-loop
level in SU(5)× SU(5) unification. The scale of MSSM is at
MS = 1TeV (thin lines) and at MS ≃ 1.3 × 10
15GeV (thick
lines). In the latter case we get fy(z = 1) = 0.
can not be fitted since the gauge group U(1)Y does not
contribute to negative β-coefficients (looking to one-loop
level RGE beta coefficients). In this sense the study of
the minimal energy for MS scale is necessary.
If we choose the scale of fy to matches to perfect uni-
fication at z = 1, allowing the MS to high values, we
obtain MS ≃ 1.3 × 1015 GeV at two-loop level. In this
case there is no more contribution needed to fy function.
This is also showed in the Fig. 5 (thick lines).
The procedure employed above allows to replace the
SUSY scale exactly to set fy = 0, and thus there is no
need of hypercharge contribution to get perfect string
unification. Now we need to introduce some new content
with vanishing hypercharge with enough contribution to
fw ≃ 20 and fs ≃ 30, as we can see from Figs. 4 and
5. These contributions are only possible if we introduce
scalars and fermions in Adjoint representation belowMS
scale or in the non-SUSY case. The fermions in Adjoint
representations are necessary since purely scalar sector at
very low-energy does not induces sufficient contribution
even at MZ scale. We discuss it in details in the next
section.
V. UNIFICATION WITH ADJOINT SU(5)L
REPRESENTATIONS
A. Model
The study of adjoint fermionic content was proposed to
correct the unification by the inclusion of light fermionic
triplets and it is known that it correctly accommodates
the neutrino mass with a mixed type I+III seesaw mech-
anism [69]. Indeed, many works and several applications
have been considered in Adjoint SU(5)L [70, 71], as the
seesaw mechanism to neutrinos [72] or the use of family
symmetry with SUSY [73]. In this section we will briefly
introduce the string unification using this setup.
In our study there are need three adjoint fermion
generations to allow the correct values of the fw and
fs functions. The introduction of triplets and octets
of (24, 1) representation in the intermediate scales fits
the couplings to the correct unification scale3. Let us
consider inside the SU(5)L just N
F
Σ3
fermionic triplets
multiplets, ΣF3 ∼ ((1, 3)0, 1), and NFΣ8 fermion octets,
ΣF8 ∼ ((8, 1)0, 1). We can also use the regular scalar
(24, 1) representation in similar way, with NSΣ3 scalar
triplets and NSΣ8 scalar octets. Lowering the scale to
these particles with vanishing hypercharge at an inter-
mediate step does not spoil the unification, e.g, by an
unstable proton, but rather there are a few works in
compatibility with experimental proton lifetime which
are described in the framework of Adjoint SU(5) at TeV
scale [72]. Yet the neutral component of the fermion
triplet ΣF3 could be a candidate to the Cold Dark Matter
in this case [74].
Let us suppose that any of the right-handed multiplets
are at unification scale. In order to induce adequate fw
and fs contributions, in the non-SUSY as well as in SUSY
case, we need three (generations of) multiplets of each
adjoint kind (NFΣ3=N
F
Σ8
=3). As these multiplets have
vanishing hypercharge, at one loop level the fy does not
suffer any modification, but at two-loop level a shift is
obtained due to the interplay with other two gauge cou-
plings. Let us consider the non-SUSY and the SUSY
cases separately.
B. Non-SUSY String Unification
The non-supersymmetric case is more restrictive than
high-energy SUSY case. Even if fermion and scalar Σ3
are at MZ , the function fw is still negative. If we use
brute force to save the unification we need to introduce
the scalar η ∼ ((3, 3)−1/3, 1) of SU(5)L. Their contribu-
tion is showed in Appendix B. This particle is inside the
representation H = (45, 1), and gives relevant contribu-
tion to fw, thus it drives the gauge couplings to perfect
string unification at z = 1. There is no other particle
in this model which can corrects the running of gauge
couplings to string unification in non-SUSY case.
The Fig.6a shows the string unification at Λs (with
some freedom, as we discuss below) in SU(5)× SU(5).
The running starts with SM content and at M1 ∼
104−5GeV there are introduced the scalars ΣS3 , Σ
S
8 and η,
and three generations of ΣF3 . AtM2 ∼ 1011GeV there are
introduced three generations of ΣF8 . The Fig. 6b shows
the same as Fig.6a, but at M3 ∼ 1017GeV we have in-
troduced the vector-like fermions to finish the unifica-
tion. Notice that in the two cases above the scale of η
3 The decomposition to SM representation is (24, 1) =
((1,3) + (8,1) + (3,2) + (3¯,2) + (1,1), 1), where the notation
of the subdecomposition of SU(5)L, is (rep. of SU(3), rep. of
SU(2)L)
7TABLE I. Scale ordering without unification at z = 1
(VLF=vector-like fermions, H=additional Higgs doublet)
Order Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
MZ SM SM SM SM SM,Σ
S
3 SM
M1 Σ
S
3 ,Σ
S
8 3Σ
F
3 3Σ
F
3 Σ
S
3 ,Σ
S
8 3Σ
F
3 Σ
S
3 ,3Σ
F
3
M2 3Σ
F
3 Σ
S
3 ,Σ
S
8 Σ
S
3 ,Σ
S
8 3Σ
F
3 Σ
S
8 Σ
S
8 ,3Σ
F
8
M3 η η η,H η,H η,H η,H
M4 3Σ
F
8 3Σ
F
8 3Σ
F
8 3Σ
F
8 3Σ
F
8 -
M5 VLF VLF VLF VLF VLF -
is very low, which can induces a fast proton decay. To
circumvent the problem we must enhance the η scale.
The Fig. 6c shows the unification at Λs. Now, the Σ
S
3 ,
ΣS8 and three fermion generations of Σ
F
3 are included at
M1 ∼ 104GeV and η is shifted to M2 ∼ 106GeV. To
complete the unification, at M3 ∼ 1011GeV we need to
introduce three generations of ΣF8 .
The Fig. 7a shows the extreme case when all triplets,
three fermion generations of ΣF3 and one Σ
S
3 , and one
scalar octed, ΣS8 , are atMz. The three generations of Σ
F
8 ,
η and an additional scalar doublet, H , must be included
at the intermediate scale at M1 ∼ 1011GeV. The vector-
like fermions are also included near to unification to do
the convergence of four couplings at single point. The
additional SU(2)L doublet, H , is a priori a component of
(45, 1)4. We have also run the RGEs starting from elec-
troweak scale with an additional H atMZ . This scenario
is showed in Fig. 7b, where at the scaleM1 ∼ 1TeV three
generations of ΣF3 , an scalar triplet, Σ
S
3 , and an scalar
octet, ΣS8 , are introduced, η is shifted to M2 ∼ 109GeV,
the M3 ∼ 1011GeV is the scale of three generations of
fermion octets, ΣF8 , and M4 ∼ 1017GeV is the scale of
vector-like fermions.
The unification examples showed above illustrates how
the αy is constrained. All Figs. 6a, 6b, 6c, 7a and 7b
shows that α−11 runs directly to the string scale in some
automatic form. Due to that, we are only allowing new
particles without hypercharge contribution (Σ’s). Unfor-
tunately, we cannot reach string unification to the α−12
automatically: it starts from MZ scale with a positive
slope and we need to decrease it to negative values in
order to reach for the α−11 coupling. To make it effi-
ciently we introduce η, since it gives the most minimal
contribution to the α−13 sloop, the coupling we do not
want to touch. Thus, we have found solutions only with
η at relativity low scales while the vector-like must live
at very-high energy, near the unification scale. These so-
lutions are not arbitrary. Indeed, we do not have find
consistent solutions with z = 1 in the ordering of inter-
mediate scales as showed in the Table I.
4 (45, 1) = ((1,2)+(3,1)+(3,3)+(3¯,1)+(3¯,2)+(6¯,1)+(8,2), 1)
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FIG. 6. Example of non-SUSY SU(5)× SU(5) string unifica-
tion at two-loop level. All the runnings starts from SM atMZ .
In (a) atM1 ∼ 10
5GeV we introduce the scalars ΣS3 ,Σ
S
8 , three
generations of fermion ΣF3 and the η while at M2 ∼ 10
11GeV
there are introduced three generations of ΣF8 . In (b) is the
same as (a) but with vector-like fermions at M3 ∼ 10
17GeV.
In (c) at M1 ∼ 10
4GeV we introduce the scalars ΣS3 , Σ
S
8 and
three generations of ΣF3 . At M2 ∼ 10
6GeV there are intro-
duced the η and at M3 ∼ 10
11GeV there are introduced three
generations of ΣF8 .
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FIG. 7. Example of non-SUSY SU(5)× SU(5) string unifi-
cation at two-loop level. All the running starts from SM at
MZ . In (a) the Σ
S
3 , Σ
S
8 and three generations of Σ
F
3 are also
introduced at Mz. At M1 ∼ 10
11GeV we have introduced
η, a second Higgs doublet, H, and three generations of ΣF8 ,
while at M2 ∼ 10
17GeV we have to introduced the vector-like
fermions to adjust the unification. In (b) the running starts at
SM with one additional Higgs doublet. The scale M1 ∼ 1TeV
is where three generations of ΣF3 , one scalar Σ
S
3 and one Σ
S
8
are introduced and M2 ∼ 10
9GeV is where η is included, the
M3 ∼ 10
11GeV is the scale of the three generations of ΣF8 and
M4 is the scale of vector-like fermions.
C. High energy SUSY
We have seen in Sec. IVB that SUSY is only com-
patible when this is included at high-energy scales, very
close to the string unification scale. Some previous stud-
ies in the SM context have also been focused in this
way [58, 59]. This type of SUSY scale is favored by
string landscape [75–78]. The inclusion of adjoint sec-
tors (fermion and boson) bellow high MS scale
5 allows
to unify the gauge couplings correctly. Furthermore Ad-
joint SU(5) theory can also accommodate the supersym-
5 Notice that bellow the SUSY scale we only include particles in
the non-SUSY way and then supersymmetrize them as the SUSY
scale is reached.
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FIG. 8. Example of SUSY SU(5)× SU(5) string unification
at two-loop level. Now, at M1 ∼ 300GeV there are in-
cluded three generation of ΣF3 and one scalar Σ
S
3 while the
M2 ∼ 10
12GeV is the scale where three generations of ΣF8
and one scalar ΣS8 are introduced. The SUSY scale is at
MS ∼ 10
15GeV.
metry [79]. GUT models based on SO(10) symmetry and
Adjoint scalar sector are also compatible with superstring
models [80].
As an illustration we show in the Fig. 8 the string
unification with z = 1. All fermions and bosons triplets,
three ΣF3 and one Σ
S
3 , are atM1 ∼ 102.5GeV, while we set
the three ΣF8 and one Σ
S
8 at M2 ∼ 1012GeV. The scale of
supersymmetry is very high,MS ∼ 1015GeV. In this case
the vector-like fermions are not necessary. Comparing
Fig. 7b with Fig. 8 we can notice that the role of the
SUSY in the second case is indeed equivalent to the role
played by vector-like fermions in the former. In addition,
this scheme shows an economical outline for SUSY string
unification from the particle content point of view. The
low scale of fermion triplet ΣF3 is compatible with few
works where neutrinos get mass through the type I+III
seesaw mechanisms for Adjoint SU(5) [70, 81, 82].
In order to see the consistence of the running of
sin2(θW) in the SUSY SU(5)× SU(5) string theory to the
correct value 3/16 we have shown a comparison in Fig. 9
with the usual SU(5) MSSM at two-loop level. This figure
confirms that the running drives the sin2(θW) to a lower
values in string unification based on SU(5)× SU(5) group
while in the canonical SU(5) MSSM it goes to nearly the
usual 3/8.
D. Proton decay
The non-SUSY extension can induces the proton de-
cay through η. Indeed, due to the introduction of
(45, 1)-scalar the proton could decay very fast. It can
be seen in the Yukawa interactions y1ijψ
T
iLCχjLH
∗ and
y2ijχ
T
iLCχjLH , where yk are the Yukawa couplings.
Omitting the family indices, these terms leads to the
proton decay through interactions like qTmLy1C
−→σ · −→η mℓ
and ǫmnpq
T
mLy2C
−→σ · −→η nqpL, respectively; here ǫ = iσ2
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FIG. 9. The dashed line shows the running of sin2(θw) at
two-loop order in the MSSM (MS = 1TeV) to unify in SU(5)
at ΛSU5 ≃ 2 × 10
16GeV without intermediate scales. The
solid line represents the string unification in SU(5)× SU(5)
(the case showed in Fig. 8). The scales indicated here by
vertical dashed lines are only relative to the SU(5)× SU(5)
group. Notice also that at the scale M2 ∼ 10
12GeV there is
no changing in the SU(5)× SU(5) slope since there we only
include colored particles, which do not contribute to sin2(θw).
and m,n, p are color indices, and −→η m is the colored
scalar triplet necessary to unification and which be-
longs to (45, 1)-scalar with a relative low mass6. The
situation is only ameliorated with the introduction of
vector-like fermions at unification scale, but without per-
fect string unification. It is known that low scales for
vector-like fermions can suppress the proton decay in the
SU(5)× SU(5) theory [83]. As the η does not affect too
much the evolution of α−11 , we can see that its slope is
almost constant, as showed in the Fig. 7b.
In fact, the η was chosen for this reason and, there-
fore, the couplings have almost the exact value for per-
fect string unification. Without vector-like fermions this
occurs near z = 1, but with a new scale to η, M2, rather
above than showed in the Fig. 7b and M3 somewhat bel-
low than showed there. We emphasize that any attempt
to correct the string unification and keep the proton sta-
ble must consider the introduction of only particles with
small hypercharge contributions.
In contrast, the SUSY extension is not restricted by
proton decay since the interaction with (45, 1) is not
necessary. In addition, other possible interactions, that
are allowed in simple SU(5) context, even in the min-
imal SUSY SU(5)[8], are forbidden in the context of
SU(5)× SU(5) gauge group, which does not mix heavy
vector-like quarks with light quarks at leading order [62,
63]. Explicitly, the interactions allowed due to scalar
sector (5, 1) are qTmLy
′
1CH
c
mℓ and ǫmnpU
T
mLy
′
2CH
c
nDpL,
where the colored triplet Hcm belonging to (5, 1) inter-
acts with quarks and leptons doublets of SM, and also
6 The conditions for proton decay suppression with colored scalar
triplet in the SU(5) context can be found in Refs. [37, 38].
interacts with vector-like SU(2)L singlet quarks. Choos-
ing reasonable parameters it can leads to proton lifetime
consistent with experimental bounds [47], similarly to
the analysis performed in [62, 63]. The supersymmet-
ric model is in this respect phenomenologically safe.
VI. PHENOMENOLOGICAL IMPLICATIONS
AND DISCUSSION
R-parity is conserved due to the interactions between
the SU(2)L doublets of SM be only possible with vector-
like SU(2)L singlets through the colored scalars. More
specifically, in SUSY GUTs the source of R-parity-
breaking is due to interaction of 5510 [62, 63, 84]. In
the class of SU(5)× SU(5) models, R-parity-breaking is
induced only by qT ℓDc and U cDcDc, where we are rep-
resenting all Weyl spinors in the left-handed fashion, and
these interactions do not lead to R-parity violation in-
volving light fermions.
The interactions with heavy vector-like fermions can
contribute to baryon asymmetry of the universe (BAU)
since there is a plenty of CP-sources to this aim, which
depends on the specific scalar choices and may generates
the asymmetry via the usual leptogenesis mechanism ap-
plied to Adjoint SU(5) schemes [85].
Concerning to generalized seesaw mechanism, this
model can easily accommodate all low-mass spectrum
of fermions with the vector-like fermions at very high
scale, both in string model presented here and in the
GUT schemes [64]. The interaction among vector-like
fermions and electroweak fermions in the GUT schemes
are keep hold, and it can provide a very elegant explana-
tion to the low-energy scale of SM fermions.
VII. SUMMARY AND CONCLUSIONS
We have seen that the string unification, compatible
with weakly interacting heterotic string, is not possible
in the context of (low scale) SUSY SU(5)× SU(5) symme-
try even at two-loop level. Nevertheless, the high-energy
SUSY is still as a possible theory. Fortunately, the non-
SUSY and SUSY SU(5)× SU(5) models are possible if
the theory is enlarged to incorporate three fermionic gen-
erations of adjoint representations of SU(5)L. However,
some problems with proton decay in non-SUSY case can
arise due to the introduction of color-triplet, η, inside of
(45, 1)-scalar representation which is necessary to com-
plete string unification with correct value of αst at Λs
scale. A more detailed study in this issue would be cru-
cial to determine the proton stability. For both imple-
mentations, with SUSY or not, we need very light triplet
fermions ΣF3 , which are in the range of LHC experiments.
Besides the difficult of implementation of this solu-
tion, no other can emerge easily in the context analyzed
above. The supersymmetric case does not have problems
with proton decay and R-parity since the usual R-parity-
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breaking terms and L-nonconserving terms only interacts
SM particles with very heavy vector-like particles, induc-
ing a suppression in both violation contributions. How-
ever, MS is very high, thus excluding theoretically the
SUSY schemes from experimental analysis.
Some modifications can occur if we include a differ-
ent extended patter with many intermediate scales to
the unified gauge group SU(5)× SU(5). This case is yet
more restrictive than the analysis performed here, since
new scalar content are inevitable to every breaking of
symmetry. They naturally contribute to fy if they have
non-vanishing hypercharge. Another change can be made
in a not exact left-right symmetric model, where two
distinct gauge couplings for each SU(5) group are pos-
sible. In this case the interpretation of unification must
be modified since different couplings means different in-
teractions, thus SU(5)× SU(5) is only an intermediated
step, and their two different gauge couplings must be uni-
fied to some exact superior crossed gauge group, e.g., in
E8 × E8 group.
While non-SUSY SU(5)× SU(5) may generate prob-
lems with proton stability, the SUSY SU(5)× SU(5) with
MS at high-scale allows a very small space for string uni-
fication due to the hypercharge abundance and it is only
possible in the context of Adjoint SU(5)L, which is now an
invariant subgroup of SU(5)× SU(5). Any new particle
beyond the SM of nonvanishing hypercharge can discard
these type of models in few years. Only low-energy SM
particles are compatible with the string unification and
there is must be a desert of new particles until the uni-
fication reaches the string scale. Then, we conclude that
besides it is possible to find some scenarios for string uni-
fication based on SU(5)× SU(5) group, it takes place in
very disadvantaged layouts, which can be inferred as a
fine-tunning in particle content at intermediated scales.
Thus, the string unification in this framework is almost
impossible.
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Appendix A: Standard beta coefficients at one- and
two-loops
The one-loop β-function coefficients bzi , at MZ scale,
are given by
bzi =
1
3
∑
R
[s(R)Ni(R)]− 11
3
C2(Gi), (A1)
with s(R) being definite for the particle representations
as
s(R) =


1 complex scalar
2 chiral fermions
4 vector-like fermions
. (A2)
The C2(Gi) is the Casimir group invariant of adjoint rep-
resentation of one Group Gi (equal to n for SU(n) and
null for U(1)). The functions Ni(R) encode the contribu-
tions of the group structure as follows,
Ni(R) = Ti(R)
∏
j 6=i
dj(R), (A3)
where dj(R) is the dimension of the representation in re-
spect to the invariant subgroup, Gi. The Dynkin index
is denoted by Ti(R) and is settled to be 1/2 for the fun-
damental representations of SU(n) groups and Y 2 for the
U(1)Y Abelian group. Our hypercharge convention sets
the hypercharge to coincides with the electrical charges
of all singlets, Y = Q− T3L.
1. non-SUSY
For unification of the SM we have
bzy =
20
9
Ng +
nH
6
, (A4)
bzw =
4
3
Ng +
nH
6
− 22
3
, (A5)
bzs =
4
3
Ng − 11, (A6)
where Ng is the number of fermionic generations and nH
is the number of Higgs doublets of SU(2)L at MZ scale.
In the SM we have bzi = (41/6,−19/6,−7) at one-loop
level.
At two-loop level the coefficients bzij are given by
bij =


0 0 0
0 − 1363 0
0 0 −102

 +Ng


95
27 1
44
9
1
3
49
3 4
11
18
3
2
76
3


+ nH


1
2
3
2 0
1
2
13
6 0
0 0 0

 , (A7)
In SM bzij = bij |(Ng=3,nH=1).
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2. SUSY
At one loop level the MSSM with Ng generations and
nH Higgs doublets has the following β-coefficients
7
by =
10
3
Ng +
nH
2
, (A8)
bw = 2Ng +
nH
2
− 6, (A9)
bs = 2Ng − 9, (A10)
and these reads as bz = (11, 1,−3) for the MSSM with
Ng = 3 and nH = 2 at MS scale.
For supersymmetry (in the DR-scheme at MS) the co-
efficients of RGEs at two-loop level are given by
bij =


0 0 0
0 −24 0
0 0 −54

+Ng


190
27 2
88
9
2
3 14 8
11
9 3
68
3


+ nH


1
2
3
2 0
1
2
7
2 0
0 0 0

 , (A11)
Appendix B: Beta coefficients with new particles at
intermediate scale
Here we give the beta coefficients for the non standard
particle content that have to be introduced to correct the
string unification. We use the SU(5)L group notation,
given in the (SU(3)c, SU(2)L)Y form, as follows:
η = (3, 3)−1/3, U = (3, 1)2/3 + (3, 1)−2/3,
ΣS3 = Σ
F
3 = Σ3 = (1, 3)0, D = (3, 1)−1/3 + (3, 1)1/3,
ΣS8 = Σ
F
8 = Σ8 = (8, 1)0, E = (1, 1)−1 + (1, 1)1,
(B1)
and F refers to Fermions while S refers to Scalars.
1. non-SUSY
The β-coefficients at one-loop level are given by
∆by =
Nη
3
+
16
9
NU +
4
9
ND +
4
3
NE , (B2)
∆bw = 2Nη +
2
3
NSΣ3 +
4
3
NFΣ3, (B3)
∆bs =
Nη
2
+ 2NSΣ8 + 4N
F
Σ8 +
2
3
NU +
2
3
ND, (B4)
where Ni is the number of particles showed in Eq. B1.
The β-coefficients at two-loop level are given by:
∆bij =


4
9 8
16
3
8
3 56 32
2
3 12 14

Nη +


0 0 0
0 563 0
0 0 0

NSΣ3
+


0 0 0
0 0 0
0 0 42

NSΣ8 +


0 0 0
0 643 0
0 0 0

NFΣ3
+


0 0 0
0 0 0
0 0 48

NFΣ8 +


64
27 0
64
9
0 0 0
8
9 0
38
3

NU
+


4
27 0
16
9
0 0 0
2
9 0
38
3

ND +


4 0 0
0 0 0
0 0 0

NE . (B5)
2. SUSY
The β-coefficients at one-loop level are given by:
∆by = Nη +
8
3
NU +
2
3
ND + 2NE, (B6)
∆bw = 6Nη + 2NΣ3, (B7)
∆bs =
3
2
Nη + 3NΣ8 +NU +ND. (B8)
The β-coefficients at two-loop level are given by:
∆bij =


4
9 8
16
3
8
3 72 32
2
3 12 17

Nη +


0 0 0
0 24 0
0 0 0

NΣ3
+


0 0 0
0 0 0
0 0 54

NΣ8 +


128
27 0
128
9
0 0 0
16
9 0
34
3

NU
+


8
27 0
32
9
0 0 0
4
9 0
34
3

ND +


8 0 0
0 0 0
0 0 0

NE. (B9)
7 Here we denote the SUSY β-coefficients by a b¯···.
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